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DIRECTIONAL SOLIDIFICATION OF A METAL 
Cross Reference To Related Applications 

[0001] This application claims the benefit of U.S. Provisional Application No. 60/463,990 filed 
April 19, 2003, hereby incorporated herein by reference. 

5 Field of the Invention 

[0002] The present invention is related to directional solidification of a metal wherein magnetic 
induction heating is used to heat the metal prior to solidification. 

Background of the Invention 

[0003] The metal silicon is used as a raw material in various applications based upon its purity. 

10 Regular grade silicon is nominally 99 % pure silicon and hyperpure silicon is nominally 99.99 % 
silicon. Hyperpure silicon is used extensively for the production of solid state devices and 
silicones. One method of producing crystalline silicon with purity up to hyperpure silicon is 
known as directional solidification. In this method a column of molten silicon with impurities is 
slowly cooled from the bottom upwards. With appropriate process parameters, crystalline silicon 

1 5 forms in the cooled region as most impurities remain in the molten portion of the mass. At the 
end of the process, the cooled mass is appropriately trimmed to remove outer regions of 
impurities and the crystalline silicon mass is further processed, for example, cut into thin wafers 
for use in the production of semiconductors. US Patents No. 6,136,091, No. 5,182,091, 
No. 4,243,471 and No. 4,218,418 disclose various methods of producing crystalline silicon by 

20 directional solidification. 

Brief Summary of the Invention 

[0004] In one aspect, the invention is apparatus for and method of producing a high purity metal 
by providing a vessel with a plurality of induction coils surrounding the exterior of the vessel. 
Each of the plurality of induction coils is connected to one or more ac power supplies in a manner 
by which power may be selectively decreased and removed from each of the plurality of 
induction coils. Low purity metal in molten, semi-solid and solid state is placed in the vessel and 
heated by magnetic induction into a molten mass when ac current flows through each of the 
plurality of induction coils. Optionally the vessel may include means for removal of gross 
impurities from the molten mass prior to the directional solidification process, such as bubbling a 
suitable gas through the molten mass to bond impurities to the gas. Power to each of the plurality 
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of induction coils is selectively decreased in a manner by which the molten mass begins to 
solidify at one end with progressive solidification to the other end. A cooling medium, such as 
cooling water in each of the plurality of induction coils, assists in the solidification of the molten 
mass. In other examples of the invention, the magnetic fields produced by the plurality of 
5 induction coils may be coupled with an electrically conductive susceptor placed in the vessel, or 
incorporated in the vessel, rather than with the molten mass in the vessel. 

[0005] These and other aspects of the invention are set forth in the specification. 

Brief Description of the Drawings 

[0006] The figures, in conjunction with the specification and claims, illustrate one or more 
10 non-limiting modes of practicing the invention. The invention is not limited to the illustrated 
layout and content of the drawings. 

[0007] FIG. 1 is a cross sectional diagram of one example of a system for directional 
solidification of a metal of the present invention. 

[0008] FIG. 2 is a simplified electrical diagram of one example of a power source and power 
15 distribution for use with the system for directional solidification of a metal of the present 
invention. 

[0009] FIG. 3(a) through FIG. 3(f) is one example of a time-power management scheme for 
supplying electrical power to the induction coils used with a system for directional solidification 
of a metal of the present invention. 

20 [0010] FIG. 4 illustrates push-out of a directionally solidified metal from a vessel used in a 
system for directional solidification of a metal of the present invention. 

[0011] FIG. 5 illustrates one example of a system for directional solidification of a metal of the 
present invention wherein the vessel is magnetically coupled with the field produced by current 
flowing through induction coils surrounding the vessel. 

25 Detailed Description of the Invention 

[0012] There is shown in FIG. 1 and FIG. 2 one example of a system for directional 
solidification of a metal, such as, but not limited to, silicon. Vessel 10 comprises a plurality of 
induction coils around a chamber, or vessel, for holding a molten mass of the metal. In this 
non-limiting example of the invention, each of six induction coils (coil 1 through coil 6) 
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comprises a two-turn coil. In other examples of the invention, the number of individual coils and 
the number of coil turns in each coil can vary. The plurality of coils are held in place by suitable 
structural elements such as grout 12, blocks 14 and grout base 16 as shown in FIG. 1. Not shown 
in the figures are magnetic shunts that are typically placed around the outer circumference of the 
5 coils to support the coils and contain the magnetic fields produced when current flows through 
the coils. Also not shown is an outer container element for the vessel. Refractory 18, typically a 
particulate refractory material, is packed and sintered to form the inner walls of the chamber in 
which the molten metal will be placed. Typically the inner layer of refractory is sintered to a 
solid glass-like material while the outer regions of the refractory remain in particulate form. 

10 [0013] The metal solidification process begins with a vessel holding molten metal. To reach that 
stage, molten metal may be poured into the vessel, or a small amount of molten metal heel may 
be placed in the vessel, and solid forms of metal (e.g. particulate, ingots and the like) may be 
added to the vessel for induction melting in the vessel. Prior to the beginning of the metal 
solidification process, one or more treatment processes may be performed on the molten metal in 

15 the vessel. For example optional porous plug 20 may be provided in the bottom of refractory 18 
so that a pressurized gas, from a suitable source, may be injected into the molten metal via 
conduit 22. The gas is selected for bonding with impurities in the molten metal so that as the gas 
bubbles through the molten metal it removes impurities to the surface of the molten metal in the 
vessel where they evaporate into the air, or skimmed off the surface. This type of gas purging of 

20 a molten metal is one method of gross impurity removal prior to beginning the directional 
solidification process that produces a highly purified solid metal. 

[0014] FIG. 2 illustrates one example of a power source and power distribution system to the six 
induction coils surrounding vessel 10. Power supply 24 is a suitable ac power source for 
providing power to each of the induction coils. In this non-limiting example of the invention, 
25 power is supplied to each induction coil by a suitable switching means, such as, but not limited 
to, back-to-back solid state switches 26a through 26f as shown in FIG. 2. Each coil has a 
common return power line to power supply 24. Control system 28 controls the output power of 
the power supply, and opened (non-conducting) and closed (conducting) states of the solid state 
switches as further described below. 

30 [0015] FIG. 3(a) through FIG. 3(f) illustrate one non-limiting example of a time-power 

management scheme executed by control system 28 to achieve directional solidification. In all of 
these figures, the x-axis represents time, and the y-axis represents normalized output power of 
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power supply 24. Power control may be accomplished by changing the supply's output voltage 
magnitude; output current magnitude; or a combination of output voltage and current magnitudes. 
One or more of the six induction coils receives output power from supply 24 for a time period 
within a power supply cycle period, which is identified as Tcycle in the figures. In the first 
5 series of power supply cycle periods shown in FIG. 3(a) all six coils receive power in each cycle 
period for time period Tcpi. While Tcpi is equal for all coils, in other examples of the invention, 
coil power periods may vary. The coil power switching scheme in FIG. 3(a) cyclically repeats as 
shown for Tcycle until time Ti. At this time, the power switching scheme continues in 
FIG. 3(b) wherein induction coil 1 receives no power in a power supply cycle period. In this 

10 second series of power supply periods, coils 2 through 6 receive power in each cycle period for 
time period T C P2- Since T C P2 is greater than T C pi, output power is proportionately reduced 
(normalized 0.833 output power since time period Tcp2 is 1.2 times longer than Tcpi) to maintain 
the same amount of electrical energy to each induction coil. The coil power switching scheme in 
FIG. 3(b) cyclically repeats as shown for Tcycle until time T 2 . Similarly progressive power 

1 5 switching schemes are sequentially executed as illustrated in FIG. 3(c) through FIG. 3(f) wherein 
one additional coil receives no power in each progressive power supply cycle shown in each 
figure. In this fashion inductive heating of the molten metal in the vessel progressively decreases 
from the bottom to the top of the molten mass. 

[0016] A cooling medium is selectively applied around the exterior of the vessel to assist in 
20 directional solidification of the molten metal. A suitable cooling medium can be provided in 

combination with the induction coils. For example the induction coils may be hollow induction 
coils with a cooling medium, such as water, flowing through the hollow coils. In this 
arrangement the cooling medium serves the dual purpose of keeping the coils cool when they are 
conducting current (primarily cooling of coils from I 2 R losses) and cooling the molten mass after 
25 power is selectively removed from the coils with a suitable time-power management scheme as 
executed by control system 28. 

[0017] FIG. 1 also illustrates an optional bottom cooling plate 40 that may be provided at the 
bottom of the vessel. In this non-limiting example of the invention, the cooling plate is annular 
in shape and fitted around conduit 22. One or more cooling passages 42 are provided in the 
30 cooling plate to provide a means for circulating a cooling medium in the plate to remove heat 
from the solidifying molten mass. In this arrangement bottom cooling cools the solidifying 
molten mass from the bottom while the side wall cooling medium, such as cooling water in 
hollow induction coils, cools the solidifying molten mass from the sides. 

I 
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[0018] FIG. 1 illustrates a directional solidification process wherein solidification is more than 
half completed. For example the time-power management scheme may be operating in the power 
switching scheme illustrated in FIG. 3(e) wherein induction coils 1 through 4 are not receiving 
power and the molten metal in the vessel has been directionally solidified into a highly purified 
5 crystalline metal solid 30. Impurities 32 are disposed primarily above the metal solid and 

remaining molten metal 34 remains to be purified. After the required induction heating of the 
molten mass with all coils being powered as shown in FIG. 3(a), the time period for each coil 
power switching scheme illustrated in FIG. 3(b) through FIG. 3(e) may be as long as one or 
more days. 

10 [0019] Once the entire molten mass is solidified, vessel 10 can be tilted with a suitable tilt 

mechanism, and a pushing means, such as pusher plate 36 connected to power driven cylinder 38 
can be used to push solidified metal 30, along with surrounding refractory 18, out of the vessel. 
Further processing can include removal of the refractory from the solid metal and trimming the 
outer boundaries of the solidified metal that may contain impurities. The highly purified metal is 

1 5 then further processed, for example, if silicon, by sawing into thin wafers for use in making 
semiconductor components. Vessel 10 can be reused by repacking it with new refractory and 
sintering the refractory. 

[0020] Vessel 10 used in the above examples of the invention is a substantially non-electrically 
conductive vessel and the magnetic fields produced by the flow of currents in the induction coils 

20 are coupled with the molten mass in the vessel to inductively heat the melt. When the molten 

mass is a good electrical conductor, such as molten silicon, (75 Q" 1 cm' 1 ; as opposed to crystalline 
silicon's low conductivity value of 0.3 Q" 1 cm" 1 ) induction coupling directly with the molten 
metal to heat the melt works well. When the molten material is not a good electrical conductor, 
an electrically conductive susceptor, rather than the molten mass in the vessel, can be used for 

25 magnetic coupling with the produced magnetic fields as illustrated in FIG. 5. Susceptor 44 may 
be an aggregate electrically conductive material, such as an open ended cylinder sleeve formed 
from silicon carbide that is inserted into the vessel, or a composite electrically conductive 
material such as silicon carbide particles dispersed in non-electrically conductive refractory 
material. In other examples of the invention the susceptor may be otherwise integrated into the 

30 vessel to form a susceptor vessel. The thickness of the electrically conductive material should be 
at least one standard (induced eddy current) depth of penetration for maximum magnetic coupling 
with the applied magnetic fields. The depth of induced eddy current penetration into any material 
is dependent upon the frequency of the induced eddy current (applied field), and the electrical 
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conductivity and magnetic permeability of the material. More specifically the depth of induced 
eddy current penetration (8) is given by the equation: 

[0021] 5 = 503 (p / [i¥) m 

[0022] where p is the electrical resistivity of the material in fim; |i is the relative permeability of 
5 the material; and F is the frequency of the induced eddy current resulting from the applied field 
when one or more of induction coils 1 through 6 are powered from a power supply 24 with an 
output frequency F. One standard depth of penetration is the depth at which the eddy current 
density has decreased to 1/e (where e is Euler's constant, 2.718...). 

[0023] In other examples of the invention a suitable sensor can be used to monitor the progress 
10 of the directional solidification. For example the sensor may direct electromagnetic waves of an 
appropriate wavelength into the melt so that the waves reflect back to the sensor at the molten 
metal/impurities interface, and/or the solid metal/impurities interface to monitor progress of the 
solidification. An output of the sensor that is proportional to the real time height of one or both 
of the above interfaces may be used to dynamically control the time-power management scheme 
1 5 for coil power switching. 

[0024] Other coil arrangements are contemplated in the scope of the invention. For example, 
overlapping coils may be used to refine removal of heat from the molten mass in the vessel. 
Further the number of coils used in the above examples does not limit the scope of the invention. 
In some examples of the invention, air cooled induction coils may be used and separate cooling 
20 coils may be provided around the exterior of the vessel, or integrated into the vessel. 

[0025] Other types of power supply and distribution arrangements are contemplated within the 
scope of the invention. For example each coil may be powered by an individual power supply, or 
separate power supplies may power individual groups of coils. 

[0026] The examples of the invention include reference to specific electrical components. One 
25 skilled in the art may practice the invention by substituting components that are not necessarily of 
the same type but will create the desired conditions or accomplish the desired results of the 
invention. For example, single components may be substituted for multiple components or vice 
versa. 



[0027] The foregoing examples do not limit the scope of the disclosed invention. The scope of 
30 the disclosed invention is further set forth in the appended claims. 



